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ABSTRACT
To address environmental concerns and the need for more environmentally friendly cooling and heating solutions, the
U.S. Department of Energy (DOE) is supporting the development of smarter, more efficient, and affordable heat pumping systems operating with low- or no-GWP refrigerants through the Energy, Emissions, and Equity (E3) Initiative. In
the literature, limited studies were found that investigated different combinations of conventional and emerging space
conditioning and water heating technologies while accounting for real building loads, different climate zones, utility
structures, and state-of-the-art equipment.
This paper presents operating cost analyses of eight configurations of space heating, cooling, and water heating technologies for a realistic residential building scenario under typical year-round weather conditions. Different combinations of heat pump water heaters, ground source heat pumps, cold climate heat pumps, dual fuel heat pumps, and
conventional furnaces were considered in the study. A building model was developed in EnergyPlus and validated with
historical data from the DC Nanogrid House at Purdue. A total of eleven climate zones were considered and both local
weather conditions and utility pricing were implemented in the simulations. Climate-based equipment selection guidelines were developed and the paper includes future SEER2/HSPF2 ratings, E3 Initiative targets, and also quantitative
discussions on emerging technologies such as membrane heat pumps.

1. INTRODUCTION
Residential buildings consumed 20.8 quadrillions Btu of primary energy in 2020, of which approximately 56% was
associated with space conditioning and water heating loads (EIA, 2021a). Most space conditioning and water heating
devices rely on vapor compression technology and heat-of-combustion due to their low initial cost and high reliability. Non-vapor compression space conditioning technologies are gradually gaining attention, but are still under
scrutiny for performance, cost, and maturity. The U.S. Department of Energy (DOE) EERE Building Technology
Office (BTO) recently emphasized the importance of developing highly efficient non-vapor compression HVAC&R
technologies. In 2014, two reports were released by BTO to compare twenty-two non-vapor-compression HVAC
technologies and outline the research opportunities in this area (Goetzler, Zogg, Young, & Johnson, 2014; Goetzler,
Guernsey, & Young, 2014). In addition, the Intergovernmental Panel on Climate Change (IPCC) released the sixth assessment report (Masson-Delmotte et al., 2021), which provided updated projections on the Global Warming Potential
(GWP) of refrigerants. For instance, propane (R290) now has a GWP100yr of 0.02, butane (R600) has a GWP100yr of
0.006, and the GWP100yr value of R32 was increased from 675 to 771. Moreover, the AIM Act was enacted by U.S.
Congress in 2020, which directs the EPA to reduce the usage of hydrofluorocarbons (HFCs) (EPA, 2021). The HFC
production allowance will be allocated by the EPA each year, and the total production and consumption of HFCs will
be phased down by 85% in 2036. The U.S. DOE also launched a national initiative, namely the Energy, Emissions,
and Equity (E3) Initiative, to promote clean heating and cooling systems for buildings (DOE, 2021). This goal will be
achieved by advocating advanced solutions to transform the heating and cooling market to be cleaner, more efficient,
and more affordable. The effort that DOE is going to make includes promoting advanced Heat Pump Water Heaters
(HPWHs), research on low- to non-GWP refrigerants, advancing cold climate heat pumps, and implementing buildings
with low carbon footprints. Among those efforts, heat pump water heaters, low to near-zero GWP refrigerants, and
cold climate heat pumps will be explored and discussed in this research.
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Figure 1: (a) Photo of the DC Nanogrid House; (b) 3D view of a three-story residential house EnergyPlus model for
DC Nanogrid House
Qian et al. (2016) reviewed not-in-kind cooling technologies and proposed two performance indices to compare solidstate technologies (e.g., elastocaloric, magnetocaloric, thermoelectric, among others) with each other and with conventional vapor compression systems. The two performance indices that the authors proposed are 1) material COP defined
as the theoretical cooling COP for the material in the specified cycle, and 2) non-dimensional latent heat defined as
the ratio of the maximum useful latent heat to the heat loss. However, the analysis did not account for real system
losses, such as compressor and expander efficiency, regenerator loss, external heat transfer irreversibility, pressure
drop, and parasitic power (pump, fan, etc.) and provided only thermodynamic assessments. More recently, El Fil, Boman, Tambasco, and Garimella (2021) conducted a quantitative comparison of 14 air-source heat pump technologies
for residential or commercial space conditioning. Thermodynamic models were implemented for each technology and
three figures of merit, i.e., primary-energy-based COP, exergetic efficiency, and power density, were calculated for
heating and cooling mode operation. Lu, Kim, Braun, and Ziviani (2021) also published a paper that reviewed nonvapor compression technologies quantitively. Lu et al. (2021) adopted the same strategy, which provided a quantitative
comparison between the emerging technologies and state-of-the-art vapor compression technologies. In addition, new
alternative technologies, such as electrochemical heat pumps were included (James, Braun, & Groll, 2019).
Based on the available literature, it is clear that there are several research shortcomings: 1) Most of the quantitative comparisons between alternative technologies and vapor compression heat pumps focused on thermodynamic performance
at fixed boundary conditions (indoor/outdoor conditions). There are no studies that include the effect of building loads,
geographical weather data and utilities. 2) Most of the studies were incomplete with respect to emerging technologies
and a direct comparison with current state-of-the-art vapor compression heat pumps was not performed. Combinations
of emerging technologies are also absent. 3) In most of the case studies, there is no reference to current and future
performance rating standards such as SEER2/HSPF2 or load-based testing (Cheng, Braun, & Horton, 2021).
In this study, a residential building model was constructed in EnergyPlus and validated with measurement data for
HVAC energy consumption. After that, the HVAC and water heating configurations were replaced with eight test
cases, including a two-stage compression R290 heat pump designed for cold climates, ground source heat pumps
(GSHP), and membrane heat pumps. An annual operating cost analysis was conducted in eleven locations across the
US with TMY3 weather data. In the end, recommendations were given for each location.

2. BUILDING MODEL AND VALIDATION
2.1 EnergyPlus Building Model
In order to have a clear understanding of the advantage of each HVAC technology, it is important to obtain the performance of each technology when coupled to a building and affected by actual weather conditions. Whole building
energy modeling (BEM) is often useful to compare the annual energy consumption and cost of emerging technologies.
Compared with field measurements, building energy simulations are more cost-effective and time-efficient. EnergyPlus is one of the most widely used building energy modeling (BEM) tools (Crawley et al., 2001). It is maintained by
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the U.S. Department of Energy and certified by ASHRAE Standard 140, which ensures its accuracy. Its open-source
nature and various ways for user input make it suitable for this study.
The EnergyPlus building model used in this study was modified from a PNNL typical residential building model
(Mendon & Taylor, 2014). Several modifications were made to mimic a real detached single-family residential house
at Purdue Campus, namely the DC Nanogrid House. According to U.S. EIA, 63.5% of the residential buildings in
the U.S. are detached single-family buildings (Shi, Wang, Schwartz, & Hofbauer, 2020). The DC Nanogrid House
is a historical building located in West Lafayette, which is a representative residential building in the midwest. The
building was renovated in 2019 and houses three graduate students living and working inside the building (Ore, Ziviani,
& Groll, 2021). The building has a total of 208 m2 of floor space. The floor plan is 9.14m×10.67m (30ft×35ft). It
has two floors, a 2.64m (104 in) tall basement, and an attic. Figure 1a is a photo of the DC Nanogrid House. Hence,
the PNNL building model was modified to represent this building. The foundation of the building model was resized
to a 2.64 m tall basement. The floor plan and the height for each floor were modified to mimic the real building.
The 3D view of the building model is shown in Figure 1b. The whole building was divided into three thermal zones,
attic, living zone, and basement, while only the living zone and the basement were conditioned. The U-values for the
building insulation materials were collected and input into the EnergyPlus model. The infiltration of the DC Nanogrid
House was measured using a blower door test.
A representative temperature setpoint schedule based on actual data was identified for the heating and cooling seasons
throughout the year. The operation of the appliances was also modeled in the EnergyPlus building model. Appliance
utility usage data was obtained from measured electricity assumption in the building for each appliance during 2019.
Though the average consumption for each appliance was set to match the data, a fixed day-by-day schedule of the
appliance was assumed and deviates from reality. It is assumed that only the total consumption will affect the internal
gain in the building. Moreover, the mechanical ventilation of the living zone was 0.207 ACH and the infiltration rate
was 0.474 ACH. These values are based on an effective leakage area of 0.0323 m2 , which was measured using a blower
door test for the DC Nanogrid House. The monthly domestic hot water usage was 1959 gal/month, which is an average
value from the monthly utility bills.
The vapor compression heat pump used at the DC Nanogrid House is a Trane XV18 model with a SEER of 18 and
an HSPF of 10. Regression curves were generated based on manufacture’s data. The HPWH is located in the heated
basement and uses the air in the basement as the heat source. The HPWH is a Rheem PROPH50 T2 RH350 model,
which has a UEF rating of 3.55. Based on its spec sheets, the device has a COP of 3.2 and a capacity of 4 kW at the
rated conditions, where the entering air dry-bulb temperature is 29.4 °C and the entering condenser water temperature
is 56.7 °C.
Several assumptions needed to be made during the modeling process. Firstly, the building model was resized from
the PNNL single-family residential house. As a result, the shape of the roof and the location of the windows will be
different. However, it was assumed that the roof shape and the window location would have a minor influence on
energy consumption. The reasons are as follows. Changing the rooftop shape should not have a significant impact
on the surface area and the heating and cooling load of the building because the projected area for the solar radiation
is the same and the attic is unconditioned, resulting in little difference in building load. This minor difference would
not change the conclusion drawn from the comparison. In addition, since the window-to-wall ratio is the same as the
actual building, the window location on a specific wall does not have a significant influence on energy consumption.
Secondly, the appliance usage data and the human occupancy data were set manually. In the reality, the appliance
usage may vary on a daily basis, but the simulation schedule is the same every day. It is assumed that as long as the
total appliance consumption matches the real-world data, the deviation in the daily schedule will not influence the final
results.

2.2 Model Validation for DC Nanogrid House
The EnergyPlus building model was validated by comparing the simulated energy consumption with the measured
data. Ore et al. (2021) measured the actual HVAC energy consumption for the DC Nanogrid House from April 2018 to
2021. The time from Jan 1st to Dec 31st, 2019, was selected for validation. The weather data measured at the location
weather station was converted to an EnergyPlus weather file to make sure the building model was under the same
climate condition as the actual building. EnergyPlus was able to determine the COP of the unit at different conditions
using COP mapping and weather data given. Then the real measured data was used to validate the building and the
heat pump performance map.

7th International High Performance Buildings Conference at Purdue, July 10-14, 2022

150
125
100
75
50
25
0
25
50

ry
ua
Jan

mb
ve
No

mb
pte
Se

er

er

y
Jul

Ma

rch

y

Measured Heating
Measured Cooling
EnergyPlus Heating
EnergyPlus Cooling

Ma

Jan

ua

ry

Energy Consumption (kWh)

3385, Page 4

Figure 2: Comparison of EnergyPlus simulation and measurements for space heating and cooling energy consumption
at DC Nanogrid House in 2019
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Figure 3: Parity plot for DC Nanogrid House daily heat pump electricity consumption predicted by EnergyPlus
Comparisons between the simulated and actual energy consumption are shown in Figure 2 and Table 1. EnergyPlus
simulation results matched reasonably well with actual consumption qualitatively. The heating power peaks were
captured for the most part. Figure 3 is a parity plot to compare the EnergyPlus predictions with the measured results.
The R2 for the correlation is 0.758. The errors are reasonably low. Possible reasons for the errors are as follows. Firstly,
human interactions with the building, such as leaving windows and doors open, are not taken into account. These
interactions will change the leakage area, leading to larger peaks in energy consumption. Secondly, the residents in
the building may change the temperature setpoint temporarily, causing differences in instantaneous peaks or valleys
in the energy consumption. Thirdly, the appliance usage and the hot water consumption may have deviations from the
schedules in the model.

3. CASE STUDIES
A total of eight case studies were identified to evaluate the state-of-the-art vapor compression technologies and other
feasible scenarios for emerging technologies. Table 2 shows a general overview of the case setups. Case 3 had the
same HVAC characteristics as the DC Nanogrid House and was designed to validate the EnergyPlus simulated energy
consumption with the measured data on-site. Case 1 served as a baseline case. Natural gas was used as the heat source
for space heating and water heating in Case 1. The gas furnace and the gas boiler used in Case 1 had an AFUE of
0.8 and efficiency of 60%, respectively. A central air conditioner with SEER 13 was used for space cooling. Case
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Table 1: Space heating and cooling energy consumption comparison in 2019

EnergyPlus
Measured
Deviation

Heating (kWh/year)
7,895
7,967
-72 (0.9%)

Cooling (kWh/year)
1,041
1,007
+34 (3.4%)

Table 2: HVAC Configurations for EnergyPlus Case Studies
No.
1
2
3
4
5
6
7
8

Space Heating
Gas Furnace
Vapor Compression HP
Vapor Compression HP
Cold Climate HP
Dual Fuel HP
Ground Source VC HP
Gas Furnace
Vapor Compression HP

Space Cooling
Vapor Compression AC
Vapor Compression HP
Vapor Compression HP
Cold Climate HP
Vapor Compression HP
Ground Source VC HP
Membrane HP
Membrane HP

Water Heating
Gas Boiler
Resistance Heater
HPWH
HPWH
HPWH
HPWH
Gas Boiler
HPWH

2 and Case 3 were used to address the influence of a heat pump water heater (HPWH). The space conditioning heat
pump used in Case 2 and Case 3 had a SEER of 18 and an HSPF of 10. The HPWH for Case 3 used the air in the
basement as the heat source. The device delivered a COP of 3.2 and a capacity of 4 kW at the rated conditions. In
Case 4, a new cold climate heat pump was used for heating and cooling. The heat pump was an R290 heat pump that
can switch between single- and two-stage operation in heating mode. The unit is currently under development at the
Herrick Labs. The simulated performance of the heat pump had a SEER rating of 14.1 and an HSPF rating of 10.1.
The performance map and the optimization process are discussed in Section 3.1. The dual-fuel heat pump in Case 5
used the same vapor compression heat pump as Case 2 and 3. The only difference is that the supplementary heater was
changed to a gas furnace with 80% efficiency. Case 6 explored the possibility of using a ground source heat pump for
heating and cooling. It used a water loop to connect the water-to-air heat pump with a vertical borehole heat exchanger.
The water-to-air heat pump was integrated into EnergyPlus by the equation-fit method. The gross rated COPs were
4.4 in heating mode and 6.15 in the cooling mode under ISO rated conditions. The heat pumps discussed above were
auto-sized by EnergyPlus based on the heating load on Jan. 21st or cooling load on July 21st, whichever was larger. If
the capacity of the heat pump did not meet the demand, a supplementary resistance heater with 100% efficiency was
used.
We simulated eleven ASHRAE climate zones for space heating, space cooling, and water heating, which represent a
large portion of the population across the United States, as shown in Table 3. The typical meteorological year (TMY3)
weather data (Wilcox & Marion, 2008) was used for the EnergyPlus simulation, listed in Table 3 for each corresponding
location.
Another important factor involved in this process is the utility rates. In general, electricity rates are higher in densely
populated areas due to high demand and large demand fluctuations. Natural gas is cheaper where there are local
extraction sites or major pipelines. Seasonal fluctuations also exist due to the fluctuations in demand and supply.
To capture the variations, utility rates from the EIA database considering time-of-use (TOU) were used in economic
analysis. Natural gas prices were obtained from U.S. Energy Information Administration (EIA) website (EIA, 2021b)
to make sure the prices were up to date and accounted for the seasonal changes. The electricity price varies depending
on the date and time in some places to encourage people to use electricity in off-peak hours. Table 4 presents the TOU
electricity price in the eleven locations across the U.S. The start and end time and date of the peak and the number
of the peak levels are dependent on the location. Detailed electricity price schedules were obtained from a database
(OpenEI.org) maintained by National Renewable Energy Laboratory (NREL, 2021). In some places, demand cost was
added to the utility bill to penalize high electricity demand behavior. The demand cost can also be flat or TOU. The
demand charge was calculated based on the peak electricity demand of the whole building during a month. Then the
contributions to the peak charges for heating, cooling, and water heating were calculated separately at the peak hour.
After that, the cost of each category is added to the annual electricity bill.

7th International High Performance Buildings Conference at Purdue, July 10-14, 2022

3385, Page 6

Table 3: Locations for Energy Consumption Study
Climate
Zone
1A
2A
2B

City, State

Weather Data

TOU

Miami, FL
New Orleans, LA
Tucson, AZ

Miami Intl AP
New Orleans Intl AP
Davis-Monthan AFB

3A
3C
4A
4C
5A
5B

Atlanta, GA
San Diego, CA
New York, NY
Seattle, WA
Indianapolis, IN
Denver, CO

Atlanta-Hartsfield Jackson Intl AP
Chula Vista-Brown Field Muni AP
John F Kennedy Intl AP
Seattle Tacoma Intl AP
Indianapolis Intl AP
Denver-Aurora-Buckley AFB

6A
6B

Minneapolis, MN
Great Falls, MT

St Paul Intl AP
Great Falls Intl AP

Time-of-use energy only
Flat rate (seasonal)
Time-of use energy with time-of-use
demand
Time of use energy with flat demand
Time-of-use energy only
Time-of-use energy only
Flat energy
Flat energy
Time-of-use energy with time-of-use
demand
Time-of-use energy only
Flat energy

Table 4: Example of time-of-use electricity price (The number of levels and start time of the peaks depend on the
location)

Miami, FL

Peak Cost
($/kWh)
0.193

Off-Peak
($/kWh)
0.056

Tucson, AZ

0.101

0.06

New Orleans, LA
Atlanta, GA
San Diego, CA
New York, NY

0.147
0.395
0.456

0.095
0.0278
0.198
0.222

Denver, CO

0.0417

0.0257

Indianapolis, IN
Minneapolis, MN
Seattle, WA
Great Falls, MT

0.205
-

0.126
0.0417
0.098
0.115

City, State

Demand ($/kW)

Gas ($/kWh)

0
12.85 (Peak)
8.85 (Off-peak)
0
7.96
0
0
10.67 (Summer)
13.65 (Winter)
0
0
0
0

0.073
0.051
0.047
0.065
0.048
0.048
0.029
0.040
0.030
0.040
0.027

7th International High Performance Buildings Conference at Purdue, July 10-14, 2022

3385, Page 7
4.5

Single-stage HSPF 10 (Case 2&3)
Cold Climate HP (Case 4)
US DOE E3 Initiative

Heating COP (-)

4.0
3.5
3.0
2.5
2.0
1.5
1.0

25

20

15 10
5
0
5
10
Outdoor Drybulb Temperature (°C)

15

(a)

(b)

Figure 4: (a) Heating COP comparison between the cold climate heat pump and a regular single-stage heat pump.
E3 CCHP Initiative requires COP 2.1-2.4 at -15°C (5°F); (b) Cooling COP comparison between the cold climate heat
pump and a regular single-stage heat pump

3.1 Air Source Vapor Compression Cold Climate Heat Pumps
The air-source vapor compression heat pump used in Case 4 from Table 2 was designed specifically for cold climates.
In heating mode, the heat pump could switch from a single-stage to a two-stage cycle if the temperature is below a
certain point. The two-stage cycle of the system uses an internal heat exchanger as the economizer of the system. If
the temperature is higher than that point, the single-stage heating cycle which employs only the high-stage compressor
only is used. In cooling mode, the heat pump only uses a single-stage compression cycle.
The performance map of the heat pump was integrated into EnergyPlus by the curve-fitting method. The capacity and
power consumption of the heat pump under various outdoor dry-bulb temperature, indoor dry- and wet-bulb temperature, and indoor coil airflow rate conditions in the cooling and heating mode were filled into a spreadsheet provided
by EnergyPlus to generate the coefficients of the curves which describe the performance of the heat pump. To obtain
the performance map, quasi-steady state models using Engineering Equation Solver (EES) (Klein, 2018) were created
to simulate the heat pump under various conditions.
After the transition point was determined, the heating and cooling performance of the cold climate heat pump was
integrated into EnergyPlus through the curve fitting method. The COP curve for heating was split into three pieces
through the EnergyPlus Energy Management System (EMS) due to the discontinuities. The original curve was overridden using the EnergyPlus Runtime Language (ERL) if the outdoor temperature is between −15°C and −7.5°C or below
−15°C. The other curves were obtained directly from curve fitting. The heating and cooling performance of the heat
pump at different indoor and outdoor conditions was determined from the coefficients of the curves. Figure 4a shows
heating performance comparisons between the cold climate heat pump and a single-stage heat pump used in Case 2
and Case 3, which has an HSPF of 10. The heating performance of the single-stage HSPF 10 heat pump was also
obtained from the performance data in the spec sheet provided by the manufacturer. The outdoor temperature working
range of this heat pump in heating mode is from -23.3°C (-10°F) to 18.3°C (65°F). The cold climate heat pump which
employs the two-stage cycle at low temperature exhibits better heating performance when the temperature is below
−15°C. It indicates the advantages of the cold climate heat pump in terms of energy savings in cold climate locations.
Similarly, cooling performance comparisons of the two heat pumps are shown in Figure 4b. Both of the heat pumps
employ single stage compression in cooling mode.

3.2 Ground Source Vapor Compression Heat Pumps
The ground source heat pump uses a vertical borehole heat exchanger as the heat source. The vapor compression
heat pump that integrates the ground-loop heat exchanger and the DC Nanogrid House is a water-to-air heat pump.
The water-to-air heat pump can operate in heating mode and cooling mode based on the outdoor temperature. It was
sized based on the heating or cooling load on Jan. 21st and July 21st. A supplementary resistance heater with 100%
7th International High Performance Buildings Conference at Purdue, July 10-14, 2022
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efficiency could provide additional heating capacity if the demand is not met.
The borehole and the soil characteristics are important aspects of ground source heat pumps. Calculations for the vertical borehole length were demonstrated in Philippe, Bernier, and Marchio (2010). First, a baseline EnergyPlus model
was used to obtain the heating and cooling load based on the building and weather data. Next, local soil characteristics
such as porosity, classification type, and diffusivity were gathered. Then the building load data and the soil characteristics could be used to derive the vertical borehole length to accommodate the heating and cooling load. In this
study, some assumptions were made to simplify the process. The soil in the discussed locations across United State
was assumed to have the same properties. The number of vertical boreholes and the borehole length were assumed
to be the same in all the locations, and large enough to accommodate the heating load in the coldest location. The
undisturbed ground temperature for the selected locations was obtained from Neves, Cho, and Zhang (2021). The
source consulted a geothermal heat pump design guideline published by Virginia Polytechnic Institute and Virginia
State University.
In EnergyPlus, the ground source heat pump was handled through two parts, a condenser loop from the condenser
to the ground-coupled heat exchanger, and a water-to-air heat pump. EnergyPlus was able to determine the water
temperature in the loop by the water flow rate, ground temperature, and soil/borehole characteristics. The water-to-air
heat pump used in this study was Bosch Greensource SM Series Residential Geothermal Heat Pump SM036. The
heat pump had a heating COP of 4.4 and a cooling COP of 6.15 at the ISO 13256-2 rated conditions (Neves et al.,
2021; Corp., 2021). The rated conditions were indoor DBT 20°C and inlet water temperature 20°C in heating mode,
and indoor DBT 27°C and inlet water temperature 30°C in cooling mode. There are two ways to model water-to-air
heat pumps in EnergyPlus, Curve Fit Method and Parameter Estimation Method. In this study, the Curve Fit Method
was selected thanks to its simplicity and accuracy. Using this method, EnergyPlus was able to generate regression
curves for capacities and COPs under different water and air inlet conditions based on the product spec sheet (Tang,
2005). The energy consumption of the water-to-air heat pump under various indoor and outdoor conditions could be
determined from the regression curve.

3.3 Membrane Heat Pumps
The membrane heat pumps used in Case 7 and 8 from Table 2 came from Bukshaisha and Fronk (2019). The heat
pump system was a recirculation system that used the indoor air as the supply air and was based totally on membranes.
A membrane dehumidifier was used to dehumidify the supply air and the supply air was cooled by an air-water heat
exchanger. The cooled water was supplied by a membrane evaporative cooler. The water vapor from the membrane
dehumidifier and membrane evaporative cooler was extracted by a vacuum pump and delivered to a membrane outdoor
unit to be released to the outdoor environment. Bukshaisha and Fronk (2019) used EES to build thermodynamic models
for the membrane system. Parameters such as dehumidifier effectiveness were assumed to infer the component sizings.
After the component sizings were decided, the power consumption and cooling capacity were determined for different
indoor and outdoor temperature and humidity conditions. The performance of the membrane system was also compared
with conventional vapor compression air conditioners which have SEER ratings of 14 and 16. To analyze the membrane
system performance, the authors did building energy simulations for a 185.8 m2 (2000 ft2 ) building using eQuest. The
required cooling hours for different locations were obtained from eQuest and fed into the EES model to get the annual
electricity consumption. The cooling hours were divided only by three scenarios, outdoor DBT greater than 25°C
(77°F), greater than 21.7°C (71°F), and great than 19.4°C (67°F). However, the indoor conditions were not involved
in the electricity consumption calculation process. These limitations made the electricity consumption calculation and
comparison less reliable.
In this study, the thermodynamic models for the membrane heat pump were reproduced with the same parameters and
component sizings, based on the same set of equations of states as Bukshaisha and Fronk (2019). EES was used in
reproducing the thermodynamic models. The cooling performance of the models was compared with the original model
outputs in Bukshaisha and Fronk (2019) to make sure the two models match. The cooling COP at different outdoor dry
bulb temperatures is shown in Figure 4b. This performance curve was calculated for an indoor DBT of 20°C (68°F)
and an indoor air flow rate of 0.52 m3 /s (1100 CFM). To conduct an annual operating cost analysis, the performance
map of the membrane heat pump was integrated into EnergyPlus through capacity and power consumption curves,
with respect to the variations in indoor air flow rate, indoor WBT, and outdoor DBT. This procedure was the same
as integrating the performance map of conventional vapor compression heat pumps, instead of the rough estimation
based on the cooling hours as presented in Bukshaisha and Fronk (2019). Moreover, the water consumption from the
evaporative cooler of the membrane heat pump in various locations was also considered in calculating the cooling cost.
7th International High Performance Buildings Conference at Purdue, July 10-14, 2022
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Figure 5: (a) Annual HVAC energy cost in New York, NY under TMY3 weather condition; (b) Annual HVAC energy
cost in Minneapolis, MN under TMY3 weather condition
The water rates in the discussed locations were obtained from Black and Veatch (2019).

4. RESULTS
The annual energy costs for space conditioning and water heating were analyzed for eleven locations across the U.S.
as listed in Table 3. Due to the page limit, the detailed cost analysis for only three locations are shown in this section.
The three locations are New York, NY (Figure 5a), Minneapolis, MN (Figure 5b), and Atlanta, GA (Figure 6a)
Annual HVAC energy cost comparisons for Zone 4A (New York, NY) are shown in Figure 5a. Since the natural gas
price in New York is higher than that in Indiana and California, the cases with vapor compression HP cost less for
space heating. New York State Electric and Gas Corporation (NYSEG) also provide a $1000 one-time rebate when
purchasing an electric HP for space heating and cooling. The cost-saving differences between the cold climate HP and
the GSHP was only $100 annually, but the initial cost of the GSHP is significantly higher than the cold climate HP,
which indicates the potential of the cold climate HP. The membrane HP could also save $30-$40 compared to vapor
compression HPs.
Annual HVAC energy cost comparisons for Zone 6A (Minneapolis, MN) are shown in Figure 5b. Since the electricity
price is high in Minneapolis, especially at peak hours, the electric vapor compression HP and HPWH cost $150 more
than the furnace annually. The cold climate HP cost $36 less than the furnace. The GSHP can save $226 compared
to Case 1 (gas furnace). The dual fuel HP can save $72 per year. The results indicate that using a gas furnace as the
supplementary heater in extremely cold weather is a viable option, if the electricity price is not significantly higher
than the gas price. The cooling load in Minneapolis, MN was quite low. Hence the membrane HP only saved $10 per
year.
In Atlanta, GA, thanks to its low electricity price, the vapor compression HP was the best performer there. Since the
temperature was not very low, the cold climate HP and the GSHP performed worse than the basic HP. The HPWH
could also reduced the cost significantly. The combination of the vapor compression HP with SEER 18 and HSPF 10
and HPWH (Case 3) reduce the total cost by $370 when compared with Case 1 which uses a gas furnace for heating.
In Denver, CO, Case 1, 3, 4, and 5 had similar energy costs annually. The cold climate HP and the dual fuel HP had
small advantages. The ground source HP could save $154 each year. The membrane HP didn’t provide cost savings,
because of the low cooling load in Denver, CO.
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Figure 6: (a) Annual HVAC energy cost in Atlanta, GA under TMY3 weather condition; (b) Minimum cost and the
recommended HVAC configuration for each location
Overall results for the eleven climate zones are provided in Figure 6b, which represent the best combination of the
HVAC configurations for each climate zone. The initial simulation results provided climate-based equipment selection
guidelines for the eleven locations. For instance, CCHPs with two-stage compression in heating mode save 10%-20%
in annual heating cost compared with single-stage VCHPs in Climate Zone 4A, 4C, 5A, 5B, 6A, and 6B. Membrane
evaporative air-conditioners could provide cooling cost savings in places where thereis a significant cooling load, such
as Zone 1A, 2A, 2B, 3A, 3C, 4A, 5A, and 6A. The cost savings for membrane air-conditioners also depends on the
water prices. Gas furnaces should only be used in cold places where the electricity price per kWh to gas price ratio
is higher than 3. GSHP has the lowest HVAC annual energy cost in six out of eleven climate zones in the U.S. Dual
fuel heat pumps are not always the most economical option but yield better average cost savings among the eleven
locations. HPWHs should be recommended in areas where the electricity price to gas price ratio is below 3.

5. CONCLUSION
In this paper, annual HVAC operating cost analyses were conducted for eight HVAC and water heating combinations
in a two-story single-family building in eleven locations across the U.S. The analyses were done in EnergyPlus and
the building model was validated with measured HVAC energy consumption at the Purdue campus under the same
weather conditions. The validated building model was expanded to cover eight HVAC and water heating combinations
and eleven locations across the U.S. The HVAC options included state-of-the-art vapor compression heat pumps, such
as cold climate two-stage HPs, GSHPs, and dual fuel HPs, and alternative heat pumps, such as membrane HPs. The
water heating options included gas boilers, resistance heaters, and HPWHs. The eleven locations covered climate
zones from 1A to 6B. Typical Meteorological Year (TMY3) weather data of the eleven locations and the actual gas
price and TOU electricity price in 2021 were used in evaluating the annual energy cost. The initial simulation results
provided climate-based equipment selection guidelines and quantitative operating cost assessments. This study also
had two limitations. The selected building can only represent the building style in the midwest of the U.S. Certain
modifications should be made when moving it to other places across the U.S. The other limitation is that payback
period analysis was not performed in this study, because the initial cost of HPs using emerging technologies was hard
to evaluate.
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NOMENCLATURE
HVAC
GWP
HPWH
COP
SEER
HSPF
TMY3
GSHP
ASHP
VRF
DX
BEM
ACH
HP
WBT
DBT
EMS
ERL
EES
NTU
TOU
VCHP

Heating, Ventilation, Air Conditioning
Global Warming Potential
Heat Pump Water Heater
Coefficient of Performance
Seasonal Energy Efficiency Rating
Heating Seasonal Performance Factor
Typical Meteorological Year
Ground Source Heat Pump
Air Source Heat Pump
Variable Refrigerant Flow
Direct Expansion
Building Energy Simulation
Air Changes Per Hour
Heat Pump
Wet Bulb Temperature
Dry Bulb Temperature
EnergyPlus Management System
EnergyPlus Runtime Language
Engineering Equation Solver
Number of heat transfer units
Time-Of-Use
Vapor Compression Heat Pump
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